Electrophysiological experiments showed that a tetrodotoxin (TTX) sensitive slowly inactivating Na + current contributed to the excitability of the sensory neuron (SN1) that innervates the slow receptor muscle in the abdominal muscle receptor (MR1) of crayfish, Procambarus clarkii. Following either tetraethylammonium (TEA) blockage of the K + delayed rectifier currents or exposure to high temperature, a depolarizing plateau potential was evoked by the slow Na + current. Ca + + substitution by other divalent cations had no effect on the plateau potential, demonstrating that Ca + + is not involved in plateau potential genesis. Simultaneous intrasomatic and extraaxonic recordings coupled with 4-aminopyridine (4-AP) exposure indicated that the slowly inactivating Na + current is primarily somatic, and does not contribute significantly to spiking.
Introduction
The slowly adapting sensory neuron that innervates the slow receptor muscle of crayfish (Alexandrowicz 1967 ) is a prototype pacemaker neuron which at 12-16 ~ discharges at rates between 1 and 16/s when held at physiological length (Bufio et al. 1987; Eyzaguirre and Kuffler 1955; Grampp 1966; Moser et al. 1979) . When the temperature is raised to about 20 ~ the pattern shifts to rhythmic spike bursts (Florey 1956; Grampp 1966) . At even higher temperatures (>25 ~ stretch stimuli generate plateau potentials which are abolished by TTX, indicating the activation of a Na + current (Moser et al. 1979) .
Abbreviations: 4-AP 4-aminopyridine; HAP hyperpolarizing afterpotential; MR1 slowly adapting muscle receptor organ; SR1 sensory neuron of MR1; TEA tetraethylammonium; TTX tetrodotoxin * To whom offprint requests should be sent While this shift from rhythmic discharge of single spikes to the spike bursting and plateau potential mode is a typical phenomenon in neural pacemakers, the underlying mechanisms have not been completely described. Voltage dependent interactions between Na + and K + currents are involved in crayfish SN 1 (Brown et al. 1978; Klie and Wellhoner 1973; Nakajima and Onodera 1969) , although their detailed participation is not well understood. In lobster SNls, which are closely related structurally and functionally with those of crayfish, Na + currents display the classical fast activation and inactivation kinetics as well as slow inactivation (Gestrelius et al. 1981 .
The kinetics of the slow inactivating or persistent Na + current resembles that found in other neurons (Brachi 1987; Colmers et al. 1982; Connors et al. 1982; Dubois and Bergman 1975; Gilly and Armstrong 1984; Rudy 1978; Shoukimas and French 1980; Straftstrom et al. 1982 Straftstrom et al. , 1984 Straftstrom et al. , 1985 Weiss and Horn 1986; Yawo et al. 1986 ). Outward currents in lobster SN1 include slowly inactivating K + and transient A components . The hyperpolarization activated Qcurrent, carried by Na + and K + ions, has also been detected (Edeman and Grampp 1989) . The ionic channel distribution over the soma-dendritic and axonic membranes, which is a prime factor in defining the SNI's properties (Calvin and Hartline 1977; Nakajima and Onodera 1969; Rusinov and Ezrokhy 1967) , remains to be determined.
Participation of the persistent Na + current component in controlling the excitability and firing pattern in crayfish SN1 was investigated by blocking of K + conductances with TEA and 4-AP to unmask inward currents. Findings presented here have been reported in abstract form (Barrio et al. 1989 ).
Materials and methods
The preparation, as previously described (Bufio et al. 1987) , is as follows: 17 SNls from the 3rd or 4th abdominal segment of Procambarus clarkii were isolated, placed in a 2 ml chamber in an inverted microscope, and superfused at 2 to 5 ml/min with standard and test solutions at 18 ~ to 20 ~ (except when otherwise indicated in the text). The times were determined for entrance of a given solution in the chamber and for total solution substitutions. The crayfish were kept in an aquarium at 18-20 ~ for more than one week before experiments.
Impalements were performed with 14 to 22 Mf~, 3/M KC1 pipettes aimed at the center of the soma. Depolarizing or hyperpolarizing current pulses were delivered with a bridge amplifier through the recording pipette. A hyperpolarizing current (0.1 to 2.0 nA) was continuously injected into the soma to suppress spiking, unless otherwise indicated in the text. Extracellular capacitycoupled recordings were obtained with a hook electrode placed in the RM nerve, 1 to 4 mm from the SN1 soma. Electrical records were plotted directly on paper with a digital oscilloscope and plotter system, except in Figs. 4 and 7, which were photographed from a persistence oscilloscope screen.
Composition of the standard saline (van Harreveld 1936) was (in mM): NaC1 205.0; KCI 5.4; CaC12 13.6; MgC12 2.6; NaHCO a 2.4; dextrose 5.0; pH adjusted to 7.3-7.4 with 0.5 M NaOH. Test solutions containing TEA, TTX or 4-AP (Sigma), or combinations of these drugs, were prepared fresh for each experiment.
Results

Slow potentials in standard saline
Examples of depolarizing and hyperpolarizing current pulse effects, in different SNls are shown in Fig. 1A and lB. Brief subthreshold depolarizing pulses evoked gradually rising depolarizations which peaked at about 25 mV and, at pulse off, decayed slowly toward the resting value, outlasting the pulse by about 120 ms (Aa). With slightly longer pulses, the firing level was reached immediately after pulse off, triggering a spike followed by a hyperpolarizing afterpotential (HAP) that prevented subsequent depolarizations (Ab). Hyperpolarizing pulses evoked long lasting rebound depolarizations, peaking at more than 30 mV and continuing for about 60 ms (Ba). Higher intensity hyperpolarizing pulses evoked larger rebounds and a spike followed by an HAP that prevented subsequent depolarizations (Bb). Responses evoked by depolarization and also by the break of hyperpolarizing pulses were essentially identical. The potential threshold for persistent depolarizations (-60 to -50 mV) was independent of current pulse sign, and it was 5 to 15 mV more negative than the spike firing level. The long lasting depolarizing current pulses shown in Fig. 1C were adjusted to evoke one or two spikes (a, and b, respectively). When the second spike failed, a sustained depolarization of about 20 mV was evoked (Ca) which peaked immediately after pulse off outlasting the stimulus by about 150 ms, indicating that long lasting subthreshold depolarizations were an extension of the pacemaker potentials that failed to reach firing level. Stabilized responses in TEA solutions (> 15 mM) always consisted of a depolarization accompanied by either a single spike or a brief, rapidly inactivating spike burst followed by an overshooting, gradually decaying plateau potential which tended to stabilize at -10 to -30 mV and usually terminated with a single or several periodic brief depolarizing potentials (Figs. 2 to 5). The control response (a) evoked by prolonged depolarizing current pulses and the effects of gradual substitution of the standard solution by another containing 25 mM TEA are shown in Fig. 2A . As TEA gradually blocked the K + conductance (records Ab to Ad, were at 1 min intervals), the amplitudes of both the initial subthreshold depolarization and the depolarizing trajectory slope increased. This effect demonstrates the gradual input resistance increase resulting from the K + channel block. The resting potential did not change, although in a few cases depolarizations of up to 10 mV were recorded. Spike doublets, triplets, and spike bursts were evoked, riding on gradually longer lasting depolarizations. The increased spike burst durations led to larger hyperpolarizations (Ab, Ac). Sustained depolarization developed into plateau potentials that supported spike bursts of progressively smaller and wider spikes (i.e., spike inactivation) (Ad). Higher TEA concentrations (i.e., > 25 mM) did not modify this behavior (data not shown). Figure 2Ba and Bb, shows responses evoked by depolarizing and at the break of hyperpolarizing current pulses, at threshold intensities in 25 mM TEA saline. Plateau potentials (1) or subthreshold sustained depolarizations were elicited peaking at 18 mV and lasting about 100 ms (2). The potential thresholds for evoking plateau potentials were -75 to -55 mV, irrespective of the current pulse sign.
The effects of constant depolarizing and hyperpolarizing current injections on plateau potentials in 20 mM TEA are illustrated in Fig. 3 . There were spontaneous rhythmic oscillations in the control (0 nA). They consisted of a single spike followed by an initially overshooting plateau potential which decayed gradually and ended with brief depolarizations. A pacemaker-like depolarization led to the next spike-plateau complex after which the cycle restarted. Plateau amplitude increased and the oscillation rate decreased with imposed hyperpolarizing current (-1 nA). This rate reduction was due to the combination of longer depolarizing and hyperpotarizing phases. Higher intensity hyperpolarizing currents silenced the RM at potentials of about -85 mV (data not shown). Response oscillation amplitude and duration declined, and the rate increased as a function of depolarizing current intensity. Stimulation with 2.0 nA evoked an initial inactivated spike, followed by a brief plateau potential which usually terminated in brief depolarizations of variable amplitude. When the final brief depolarizations failed, the next hyperpolarization was smaller. A higher intensity current (3.0 nA) elicited simpler oscillation profiles with wide spikes and no plateau potentials. The shift from spike-plateau complexes to single inactivated rhythmic spikes occurred at membrane potentials around -30 mV. This change in activity suggests the presence of underlying ionic currents with different activation ranges and kinetics. Simultaneous intrasomatic and extraaxonic records in Fig. 4A and C, show the effects of long depolarizing current pulses during K + conductance block with 20 mM TEA. An initial burst of rapidly inactivating spikes was evoked, followed by a plateau potential. Brief hyperpolarizing pulses revealed a large (>80%) increase in membrane conductance during the plateau potential. Eventually, one of the pulses suppressed the plateau and the membrane potential repolarized to values slightly more positive, and the conductance dropped to values somewhat higher, than before the plateau potential. The extraaxonic record in Fig. 4C , shows much less inactivation than the intracellular record. The initial prolonged spike discharge is followed by two brief spike bursts, a prolonged silence and two final spike bursts. The axonic activity was reflected in the intrasomatic record by brief depolarizations which resulted in a widening of the trace (A, asterisk). Somatic was stronger than axonic inactivation, indicating different current kinetics in the soma and axon. This effect was probably due to membrane conductance increase during the plateau potential, which, by reducing the space constant, prevented retrograde somatic invasion of distant axonic spikes (Calvin and Hartline 1977) .
Effects of 4-AP, and of 4-AP and TEA
The control activity (0 current) and effects of 5 mM 4-AP are seen in Fig. 5A . When the A-current was blocked by 4-AP, the normal rhythmic discharge of single spikes shifted to rhythmic spike doublets. The second spike of doublets had a clearly antidromic origin, as indicated by the fast rise from subthreshold levels (Calvin and Hartline 1977) . The rhythmic single spike discharge pattern was reestablished when depolarizing currents were imposed (Fig. 5C ). The action of 4-AP in another SN1 and the combined effects of 4-AP and TEA are shown in Fig. 5C . The response evoked by depolarizing pulses in control saline (not shown) was a subthreshold depolarization. Bursts of 5 to 8 spikes at a high rate of up to 150/s were evoked in 4-AP (C1). The response shifted to plateau potentials in 4-AP and TEA (C2). The simultaneous intrasomatic and extraaxonic records, as shown in Fig. 5D1 and D3, illustrate the initial spike, subsequent silence, and final spike burst of gradually deinactivating spikes evoked by a depolarizing current pulse in 4-AP and TEA. The final spike burst was absent in the intrasomatic record because retrograde somatic invasion of axonic spikes was prevented by the reduced space constant due to the large conductance increase. The axonic silence following the initial spike was probably caused by inactivation of spike generating mechanisms when the somatic plateau potential depolarization reached the axon. The gradual axonic spike recovery suggests deinactivation when the somatic depolarization decayed (see Discussion). The differences in somatic and axonic activities support the existence of ionic channels with different kinetics in the soma and axon. In addition plateau potentials were absent, and were not evoked by depolarizing or hyperpolarizing current pulses in 4-AP solutions, but always appeared when TEA was added.
Isomolar substitutions of Co + + or Ba + + for Ca + +, depolarized the SN1 and increased both excitability and spike duration. Rhythmic spike bursts were typical, but plateau potentials were never observed. In these conditions, 25 mM TEA always evoked plateau potentials (data not shown).
Effect of TTX
The plateau potentials evoked by depolarizing pulses in a 25 mM TEA solution and the gradual plateau and spike c hnmmmm,ll_ II. (Fig. 6A1) , suggesting some recovery from inactivation of the transient Na + component while the persistent Na + current remained active (Yawo et al. 1986) . A plateau potential, with a brief initial spike burst, was evoked in 25 mM TEA at the break of hyperpolarizing pulses (Fig. 6B1) . Panels B2 and B3 illustrate the effects of Na + current block 1 and 3 min after applying 1 laM TTX. Plateau potentials were initially suppressed while the spike burst remained (B2), suggesting a higher TTX sensitivity of the sustained response (see Discussion). Spikes were also eventually suppressed leaving only a small rebound (B3). TTX did not evoke the hyperpolarization reported in the lobster stretch receptor, an effect which was identified with an increased K + permeability as well as a reduced Na + conductance (Albuquerque and Grampp 1968) , because the K + current was blocked by TEA in our experiments.
Discharge pattern at high temperature
Spontaneous plateau potentials evoked at 36 ~ in the control solution are shown in Fig. 7A . Plateau waveform and thresholds were essentially identical to those evoked in 25 mM TEA. Plateau potentials were rapidly suppressed by 5 laM TTX (B). They were also eliminated when the bath temperature was lowered to normal values (data not shown).
Discussion
The main finding was the TEA evoked, TTX sensitive plateau potentials, indicating that a persistent Na + current was unmasked when the opposing delayed rectifier outward K + current was blocked. Ca + + substitution by other divalent cations had no effect on plateau potentials, indicating that Ca ++ is not an ionic species directly involved in plateau potential genesis.
Besides the transient Na + current present in most excitable tissues, which has been thoroughly characterized in the squid giant axon (Hodgkin and Huxley 1952) , Na + currents with slow inactivation kinetics have been reported in several other neuronal types (see Refs. in Introduction). Transient and persistent Na + currents may coexist in the same cell where they play different functional roles (Brachi 1987; Colmers et al. 1982; Dubois and Bergman 1975; Gilly and Armstrong 1984; Llin~s and Sugimory 1980; Rudy 1978; Shoukimas and French 1980; Strafstrom et al. 1982 Strafstrom et al. , 1984 Strafstrom et al. , 1985 . The persistent Na + current in lobster SNls (Gestrelius et al. 1981 , with threshold at -70 mV and full activation at -50 mV, resembles the depolarizing current component underlying plateau potentials in crayfish SNls, suggesting that plateau potentials represent the activation of a similar current in crayfish SNls. Furthermore, the fast oscillations superimposed on plateau depolarizations at specified potential values imply that transient and persistent Na + currents are simultaneously active in those conditions. Further experimentation is needed to determine if the different Na + kinetics result from distinct channel populations or represent two behaviors of the same channel. Persistent Na + currents with different properties and TTX sensitivities have been reported (Gilly and Armstrong 1984; Weiss and Horn 1986) , suggesting different molecular mechanisms of activation-inactivation. The transient Na + component had essentially identical kinetics and TTX sensitivity in all the systems where it has been analyzed (Brachi 1987) , indicating very similar molecular structures. Our results showed different thresholds for spikes and sustained subthreshold depolarizations in normal saline (Fig. 1) as well as different TTX sensitivities for plateau potentials and spikes in TEA solutions (Fig. 6) , indicating that two different channels may exist. Spike peaks, however, were somewhat more positive than plateau potentials probably due to a weaker Na + current during the former than the latter, and this difference may cause TTX to depress the plateau more effectively than the spike depolarizations.
The low input resistance during plateau depolarizations (Fig. 4) is in agreement with the simultaneous activation of the transient Na + conductance. However, the voltage dependence of the steady state inactivation process h ~176 (Hodgkin and Huxley 1952) indicates that, at the sustained near-zero potential values attained by the somatic plateau depolarizations, the transient Na + conductance could be completely inactivated. Consequently, the transient voltage responses superimposed on plateau depolarizations may not be of somatic origin; they are probably generated at axonic sites where, presumably, the plateau depolarization does not inactivate the transient Na + current either because the plateau is smaller, due to the lower persistent Na + current in the axon, or because it is counterbalanced by larger TEA insensitive K + currents. Indeed, the lower tendency to plateau generation in the axon may be due to a relatively strong axonal A-current activation. The example of such an activation is the relief of the depressing action of 4-AP by depolarization (Yeh et al. 1976) , which allows axonal impulse activity to re-appear gradually after an initial blockade during the plateau (Fig. 5D) .
The above findings provide strong evidence of a distribution of the persistent and transient Na + components in the soma and axon, respectively. This differential distribution of transient and non-inactivating Na + conductances has been reported in mammalian neurons (Llin~is and Sugimori, 1980) , supporting the hypothesis that two distinct Na + channel populations exist.
Another explanation could be that the persistent Na + current results simply from the overlap of the Hodgkin and Huxley (1952) m-and h-processes over a limited range of membrane potentials rather than from separate Na + channels (Straftstrom et al. 1985) . This possibility is unlikely in the SN1 because, in our experiments, plateau potentials usually were initially overshooting, stabilized around -30 mV (values at which there is no m h overlap), and had thresholds below -55 mV.
Plateau potentials were not evoked by adding 4-AP (Fig. 5) , demonstrating that A-current block was insufficient to completely unmask the persistent Na + current. High rate spike bursts were, however, present (Fig. 5C) , suggesting that the A-current may have an important role in normal SN 1 function by preventing spike bursts. The A-current is activated by the depolarization following HAPs and contributes to control of the firing pattern in the subthreshold potential range . Since long interspike intervals persisted in 4-AP, the transient K + current appears to have less effect on these long intervals than in other neural oscillators (Connor and Stevens 1971) . The length of these interspike intervals in 4-AP may be due to electrogenic Na + pump activation (Sokolove and Cooke 1971) . When SNls were depolarized in 4-AP, the normal spike discharge pattern was reestablished, indicating that the Acurrent block is relieved by depolarization (Yeh et al. 1976) .
TEA-and high temperature-induced plateau potentials were essentially identical and were blocked by similar doses of TTX (Fig. 7) , strongly suggesting that they share the same mechanisms. Temperature is known to increase the Na+/K + permeability ratio in Aplysia neurons (Marchiafava 1970) . Although the effects of temperature on Na+/K + conductance ratio are not well understood in the SN1 (Moser et al. 1979) , the temperature increase could trigger the unmasking of the persistent Na + current. The number of spike bursts increases and decreases monotonically with rising and falling temperature, respectively (Florey 1956; Grampp 1966; Moser et al. 1979 ; Ono and Nakjima 1979), indicating that the persistent Na + current was gradually unmasked as the temperature rises. Furthermore, the reversibility of this phenomenon suggests that discharge pattern modifications due to external conditions may have physiological relevance. Extracellularly recorded spike bursts at high temperatures were accelerated by stretching and a rhythmic discharge of single spikes was eventually reestablished (Barrio and Bufio, unpublished observations) , an effect which resembled the plateau potential to spike discharge shift evoked by increasing depolarization (Fig. 3) , and which indicates a possible functional meaning for high temperature plateau potentials.
The sustained subthreshold depolarizations observed in standard saline at normal bath temperatures together with the similarity to plateau potentials in TEA solutions are findings that indicate the important influence exerted by the persistent Na + current at near threshold level. The persistent Na + current is primarily somatic and it does not contribute significantly to spiking, although its activation evokes long lasting increases in excitability (similar to those observed with brief stretches; cf. Rocha and Bufio 1985) , which may have considerable functional significance. The persistent inward current also elicits rebound depolarizations (Figs. 1D and 2B) which are critical in the control of post-IPSP effects (Bufio et al. 1987; Barrio and Bufio 1990) . The close overlap between oscillation rate as a function of membrane potential in standard solutions (Barrio and Bufio 1987; Eyzaguirre and Kuffier 1955) and TEA Ringer solution demonstrates that persistent Na + conductance influences the firing rate and pattern in normal conditions, participating in pacemaker potential genesis.
